Abstract Atherosclerosis can be considered as both a chronic inflammatory disease and a lipid metabolism disorder. Innate immunity pathways have long been suspected to contribute to the initiation and progression of atherosclerosis. This suggests that crosstalk between lipid metabolism and innate immunity pathways plays an important role for the development and/or the prevention of atherosclerosis. However, it is not fully defined how innate immunity affects lipid metabolism. Macrophages play a central role in atherogenesis through the accumulation of cholesterol and the production of inflammatory mediators and cytokines. Liver X receptors (LXRs) exert an important atheroprotective effect in the macrophage. In addition to regulating cholesterol metabolism, LXRs are also negative regulators of macrophage inflammatory gene responses. In this review, we will discuss the roles of LXRs in the macrophage as key factors that link innate immunity and lipid metabolism. Cardiovascular disease, including atherosclerosis, is the leading cause of morbidity and mortality in western societies. Atherosclerosis is a chronic inflammatory disease and a disorder of lipid metabolism. Although many epidemiological studies have shown that high concentrations of LDL cholesterol are a major risk factor for atherosclerosis, innate immunity pathways have long been suspected to contribute to the initiation and progression of atherosclerosis. Atherosclerotic lesion progression has been shown to depend on chronic inflammation in the artery wall (1). After induction of hyperlipidemia, a rapid influx of monocytes into the arterial intima occurs; if persistent, this influx generates the chronic inflammation characteristic of the atherosclerotic plaque (2). Many pro-inflammatory genes activated by pathogen engagement of innate immunity signaling pathways are also induced in macrophages present in atherosclerotic lesions.
Cardiovascular disease, including atherosclerosis, is the leading cause of morbidity and mortality in western societies. Atherosclerosis is a chronic inflammatory disease and a disorder of lipid metabolism. Although many epidemiological studies have shown that high concentrations of LDL cholesterol are a major risk factor for atherosclerosis, innate immunity pathways have long been suspected to contribute to the initiation and progression of atherosclerosis. Atherosclerotic lesion progression has been shown to depend on chronic inflammation in the artery wall (1) . After induction of hyperlipidemia, a rapid influx of monocytes into the arterial intima occurs; if persistent, this influx generates the chronic inflammation characteristic of the atherosclerotic plaque (2) . Many pro-inflammatory genes activated by pathogen engagement of innate immunity signaling pathways are also induced in macrophages present in atherosclerotic lesions.
Macrophages play a central role in the atherogenic process as modulators of both lipid metabolism and immune responses (1, 3) . The accumulation of cholesterol-loaded macrophages in the arterial wall is the hallmark of the early atherosclerotic lesion (4, 5) . In response to lipid loading, macrophages activate a compensatory pathway for cholesterol efflux mediated by the ATP binding cassette transporters A1 and G1 (ABCA1 and ABCG1) (6, 7) . In the face of systemic hypercholesterolemia, however, this homeostatic mechanism is overwhelmed, leading to the development of foam cells and the fatty streak lesion. In fact, combined deficiency of ABCA1 and ABCG1 promotes foam cell accumulation and accelerates atherosclerosis in mice (8) . Cholesterol loading of macrophages stimulates the production of inflammatory mediators, such as cytokines and reactive oxygen species that recruit other cell types and contribute to the development of a complex lesion (9) . Thus, processes that interfere with the intracellular cholesterol balance would be expected to exacerbate lesion formation.
Liver X receptors (LXRs) are ligand-activated transcription factors that control cellular cholesterol and fatty acid homeostasis and have been established to exert atheroprotective effects in mouse models. In fact, the pathophysiologic significance of the LXRs is illustrated by the observations that synthetic LXR ligands reduce atherosclerosis in animal models, whereas loss of macrophage LXRs expression dramatically accelerates the disease (10, 11) . Furthermore, overexpression of LXRa in macrophages has significant antiatherogenic properties (12) . However, it remains unclear how these functions of LXRs are working under pathological conditions. In this review, we will pro-vide a brief overview of the role of LXRs in the control of cholesterol metabolism during inflammation.
THE ROLE OF LXRs IN MACROPHAGE
Genomic and cDNA sequencing efforts have defined at least 48 nuclear receptors that are encoded by the human and mouse genomes (13) . Several nuclear receptors have been identified to be expressed in macrophages, including receptors for steroid hormones, such as estrogen and glucocorticoid receptors, receptors for diverse products of lipid metabolism, such as peroxisome proliferator-activated receptors and LXRs (LXRa and LXRb), and orphan receptors, such as Nurr77, Nurr1, and NOR-1. In the macrophage, several of these nuclear receptors have been demonstrated to inhibit inflammatory responses that are under the control of signal-dependent transcription factors, such as activator protein-1 and nuclear factor kB (NF-kB) (14) (15) (16) .
LXRs are transcriptional regulators of cholesterol absorption, transport, and elimination (17, 18) . In macrophages, LXR signaling is critical for initiating the homeostatic response to cellular lipid loading (Fig. 1) . Macrophage uptake of modified lipoproteins, such as oxidized LDL, leads to increased cellular concentration of oxysterols, the physiologic ligands for LXRs (19, 20) . Activation of LXRs induces the expression of genes involved in cellular cholesterol trafficking, including Niemann Pick type C 1 and 2 proteins (21), and efflux, including ABCA1, ABCG1, and apolipoprotein E (17, 18) . The end result of this transcriptional cascade is the transfer of excess cholesterol to extracellular acceptors, such as apolipoprotein AI and HDL. Recent studies have also revealed that the activation of LXRs by synthetic ligands in macrophages inhibits lipopolysaccharide (LPS)-or cytokine-induced expression of inflammatory genes, such as inducible nitric oxide synthase (iNOS), interleukin-1b, and monocyte chemoattractant protein-1, by interfering with NF-kB signaling ( Fig. 1 ) Fig. 1 . Intersections of TLR and LXR signaling pathways in the macrophage. Upon activation by exogenous or endogenous ligands, TLRs regulate gene expression through MyD88-and TRIF-dependent signal transduction pathways that control the activities of NF-kB and IRF transcription factors. These factors induce the expression of inflammatory response genes, including genes that contribute to modifications of LDL (mLDL) that enhance recognition and uptake by scavenger receptors. TLR signaling also increases cholesterol biosynthesis and promotes cholesterol accumulation. Elevated cholesterol levels give rise to elevated oxysterols, which are activating ligands of LXRs. LXRs inhibit TLR signaling at the promoter level and induce genes that promote cholesterol efflux, including ABCA1 and ABCG1. LXR activation of these genes is inhibited by IRF3, which is activated by TLRs that couple to the TRIF signaling adaptor. (22) . This LXR transrepression of inflammatory genes uses a small ubiquitin related modifier-dependent and nuclear receptor corepressor-dependent pathway (23) . In response to ligand, a fraction of cellular LXR is SUMOylated and becomes associated with nuclear receptor corepressor complexes bound to promoters of inflammatory genes, such as iNOS. This interaction prevents LPS-dependent removal of these complexes as a prerequisite to transcriptional activation. As a consequence, these genes remain in a repressed state. On the other hand, LXRs have also been shown to positively regulate the expression of anti-inflammatory molecules in macrophages, such as arginase II. Arginase II catalyzes the convertion of L-arginine to L-ornithine (24) . Since both arginase II and iNOS use arginine as a common substrate, induction of arginase II expression has the potential to exert anti-inflammatory effects by the inhibition of nitric oxide production. Therefore, LXR activation contributes to immunomodulatory effects by both negative and positive regulation of inflammation-related genes.
INNATE IMMUNITY AND ATHEROSCLEROSIS
The search for pro-inflammatory signaling cascades activated by endogenous lipoproteins has recently focused on the Toll-like receptors (TLRs), a group of pattern recognition receptors that activate host defenses in response to microbial-derived ligands (25) . These receptors are exemplified by TLR4, which is activated by Gram-negative bacterial LPS (26) , and TLR2, which is activated by components of Gram-positive bacteria, such as Pam3CSK4 and lipoteichoic acid (LTA) (27) . Recent studies suggest that in addition to microbially derived ligands, TLRs can also be activated by endogenously derived ligands that may be generated by pathogenic processes and include components of necrotic cells and modified lipoproteins. After binding ligands, TLRs use a downstream cascade of signaling molecules, including adaptor proteins, such as myeloid differentiation factor 88 (MyD88), and Toll/IL-1 receptor domain-containing adaptor inducing IFN-b (TRIF), that ultimately regulate the activities of signal-dependent transcription factors, such as NF-kB and interferon regulatory factor 3 (IRF3). These in turn induce transcription of genes that encode cytokines, chemokines, and other effectors of the innate immune response (Fig. 1) . Evidence that TLRs may contribute to atherosclerosis includes the demonstration that gene deletion of TLR2, TLR4, or MyD88 results in reduction in atherosclerosis in mouse models (28, 29) . Intriguingly, the expression of TLR1, TLR2, and TLR4 is markedly enhanced in human atherosclerotic plaques (30) . In accordance with these reports, several studies have suggested that some bacterial or viral pathogens, such as Chlamydia pneumoniae and herpesvirus, accelerate the development of atherosclerosis in mice (31, 32) . In addition, peripheral administration of a ligand for TLR2 accelerated the development of atherosclerosis in mice (29) . These findings link the development of atherosclerosis to a proinflammatory signaling cascade that is also engaged by microbial pathogens. In fact, the activation of macrophages by LPS causes an increase in intracellular concentrations of free and esterified cholesterol (33) .
MACROPHAGE LIPID METABOLISM DURING INFLAMMATION
The acute-phase response at the whole-body level is characterized by increased plasma lipoprotein cholesterol levels and plasma LPS binding protein (LBP) levels. LBP is an acute-phase protein responsible for the binding and transport of LPS in circulation. Delivery of LPS by LBP to macrophage receptors initiates signal transduction pathways that lead to the increased release of pro-inflammatory cytokines (34) . On the other hand, the delivery of LPS to HDL by LBP results in the attenuation of the immune response to infection (35) . HDL-bound LPS is redistributed to LDL and VLDL (36) and transported to liver. Upon uptake by the liver, LPS is dephosphorylated/degraded and passed into the bile. Therefore, the uptake of LPS by HDL appears to serve as a first line of defense against the sustained activation of cellular immunity by LPS in the host. LPS stimulates hepatic lipid synthesis and increases hepatic HMG-CoA reductase activity in mice (37) . This increase of hepatic cholesterol production results in an increase in LDL cholesterol (38) . Taken together, it is possible that the increase in HMG-CoA reductase provides cholesterol, which allows for the production of LDL and VLDL and elevations in plasma lipid levels. These studies suggest that increases in plasma lipid and lipoprotein levels may be beneficial during infection and inflammation.
The induction of cholesterol production by LPS occurs not only in the liver, but also in the macrophage (Fig. 1) , although the responsible mechanisms are not fully established. Posokhova et al. (39) reported that the intraperitoneal injection of LPS in mice led to a dramatic increase of radiolabeled oleate incorporation into cholesteryl esters and triglycerides and radiolabeled acetate incorporation into cholesterol and fatty acids in peritoneal macrophages. In accordance with their findings, the LIPID MAPS Consortium revealed that the activation of TLR4 induced HMGCoA reductase mRNA in bone-marrow-derived macrophage as well as several intermediates in the cholesterol biosynthetic pathway (These data can be found with LIPID MAPS Consortium online at http://www.lipidmaps.org/).
Activation of macrophages by LPS also potentiates the formation of modified forms of LDL cholesterol, such as oxidized LDL cholesterol, facilitating uptake via scavenger receptors that include scavenger receptor A (SR-A), CD36, and scavenger receptor expressed by endothelial cells I (SREC-I). LPS robustly increases the mRNA expression of both SR-A and SREC-I in macrophages, but not CD36 (40) . In accordance with this, the uptake of oxidized LDL induced by LPS was dramatically reduced in SR-A/SREC-I double knockout macrophages (40) . Within cells, oxidized LDL-derived cholesteryl esters are hydrolyzed in lysosomes. Free cholesterol has a number of potential metabolic fates, but excess cholesterol is transported to the endoplasmic reticulum, reesterified by acyl-CoA:cholesterol acyltransfer-ase 1, and stored as lipid droplets (41) . The macrophage also has mechanisms for disposing of excess cholesterol via membrane transporters such as ABCA1 and ABCG1 (Fig. 1) . ABCA1 promotes net cholesterol efflux to lipidpoor apolipoprotein AI, while ABCG1 facilitates net cholesterol efflux to HDL particles (42, 43) . TLR signaling has been shown to both positively and negatively regulate ABCA1 expression (44) (45) (46) . Negative regulation of ABCA1 by LPS has been proposed to result from TRIF/IRF3-depenent inhibition of the transcriptional activity of LXR (46), suggesting a mechanism by which TLR signaling promotes cholesterol accumulation in macrophages (Fig. 1) .
HOW ARE LXRs ACTIVATED DURING INFLAMMATION?
Pharmacologic activation of LXRs in macrophages can reduce atherosclerosis not only by the regulation of lipid metabolism, but also by acting to limit the production of inflammatory mediators. However, it remains unclear how these functions of LXRs are working under pathological condition. In other words, what are the physiological ligands of LXRs, and how are the ligands generated during inflammation? The development of macrophage "foam cells" that contain massive amounts of cholesteryl esters is a hallmark of both early and late atherosclerotic lesions. Cholesterol accumulation in these cells is thought to be mediated by uptake of modified forms of LDL and cholesterol biosynthesis. In macrophages, endogenous oxysterols are thought to be produced in proportion to intracellular cholesterol levels. Also oxysterols are formed during oxidation of LDL (47) , and LPS induced the expression of oxysterol biosynthesis-related genes, such as cholesterol 25 hydroxylase, that converts cholesterol to 25-hydroxy cholesterol (14) . In fact, 25-hydroxycholesterol and 27-hydroxycholesterol reduced the DNA binding of activator protein-1 induced by LPS (48). Moreover, 22(R)-hydroxycholesterol, 24(S), 25-epoxycholesterol, and 24-hydroxycholesterol repressed iNOS activation induced by LPS (23) . Therefore, candidate LXRs ligands may be generated by inflammation and may activate the LXRs, providing an additional explanation for why deletion of the LXR genes from macrophages results in increased development of atherosclerosis. Although synthetic LXR agonists exert anti-atherogenic effects, they also significantly raise circulating VLDL levels secondary to their effect on triglyceride biosynthesis in the liver (17) . Clinical application of LXR agonists for prevention of cardiovascular disease will require the development of selective LXR modulators that retain the ability to promote cholesterol efflux and inhibit inflammation, but do not raise circulating triglyceride levels.
CONCLUSIONS
Atherosclerosis can be considered to be a form of chronic inflammation resulting from interactions between modified lipoproteins, monocyte-derived macrophages, T-cells, and the normal cellular elements of the arterial wall. The induction of cholesterol accumulation in macrophage by LPS has been thought to be one of the "undesired" functions of inflammation. Numerous studies in the last few years reveal that oxysterol sensors, LXRs, are one of the key regulators of macrophage biology, including the promotion of reverse cholesterol transport and the limitation of inflammation. The antagonistic functions of TLRs and LXRs with respect to macrophage cholesterol homeostasis suggest that the activation of LXRs by undesired oxysterols may be thought to be a compensatory mechanism against the excess cholesterol accumulation and the excess toxic inflammatory response. Further studies are needed to elucidate the biological roles of LXRs during inflammation and the practical possibilities of targeting LXRs for therapeutic intervention.
